Abstract: Land use and land cover (LULC) play a crucial role in the interaction between the land and atmosphere, influencing climate at local, regional, and global scales. LULC change due to urbanization has significant impacts on local weather and climate. Land-cover changes associated with urbanization create higher air temperatures compared to the surrounding rural area, known as the "urban heat island (UHI)" effect. Urban landscapes also affect formation of convective storms. In recent years, the effect of urbanization on local convections and lightning has been studied very extensively. In this paper a long-term study has been carried out taking cloud-to-ground (CG) lightning data (1998-2012) from Tai-Power Company, and particulate matter (PM10), sulfur dioxide (SO 2 ) data (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) from the Environmental Protection Administration (EPA) of Taiwan, in order to investigate the influence of LULC change through urbanization on CG lightning activity over Taipei taking into account in situ data of population growth, land use change and mean surface temperature . The thermal band of the Land-Sat 7 satellite was used to generate the apparent surface temperature of New Taipei City. It was observed that an enhancement of 60-70% in the flash density over the urban areas compared to their surroundings. The spatial distribution of the CG lightning flashes follows closely the shape of the Taipei city heat island, thereby supporting the thermal hypothesis. The PM10 and SO 2 concentrations showed a positive linear correlation with the number of cloud-to-ground flashes, supporting the aerosol hypothesis. These results indicate that both hypotheses should be considered to explain the CG lightning enhancements over the urban areas. The results obtained are significant and interesting and have been explained from the thermodynamic point of view.
Introduction
The influence of urban environment on the lightning activity remains a debatable topic, beginning with first publication of Westcott [1] , followed by several studies in US, Europe, Asia, Brazil and Australia [2] [3] [4] [5] [6] [7] . The change of LULC in urban areas leads to a change of surface characteristics. Such change affects not only the dynamic and physical processes in the atmospheric boundary layer, but also affects the surface heat budget to form an urban heat island (UHI). The UHI effect and its associated impact on environment and regional climate have been receiving wide attention in recent years. It has already been established that the intensity of the UHI effect is strongly associated with the urban size, urban surface characteristics, anthropogenic heat release, topography, and meteorological conditions [8] [9] [10] [11] [12] [13] . It has been hypothesized that convection is enhanced by a UHI-induced mesoscale circulation and as a result of such enhanced convection; increased thunderstorm and lightning activity accompanied with enhanced precipitation are observed Remote Sens. 2019, 11, 407 2 of 13 over or downwind of major urban areas. During the Metropolitan Meteorological Experiment [14, 15] , this hypothesis was extensively investigated and substantiated. Modern urbanization, which caused dramatic change in LULC, is basically the demand of increased population and human activity. Contributions of manmade aerosols are also enhanced because of urbanization having significant impacts on local thunderstorm formation leading to an enhanced CG lightning activity particularly over urban area [16] [17] [18] . However, the physical mechanisms responsible for these effects are not fully understood due to the complex correlations.
The climate of coastal cities like Taipei is influenced by the development of cumulus convection caused by boundaries that occur when moist air is transported by the sea breeze from ocean to land. Taipei City is surrounded by mountains in all directions, except the two river valleys. The two river valleys, Tanshui and Keelung, respectively, in the northwest and northeast of Taipei City carry surface airflow to the open sea. Sea breezes funnel toward the southern part of the Taipei city through two river valleys. These low-level flows are expected to interact not only with the mountains situated south of Taipei City, but also with the UHI of Taipei City. Blending of UHI effect and sea breezes with the local synoptic and orographic structure causes the summer thunderstorm and lightning activity within the New Taipei City and Taipei City to develop a unique climate system. Exploring the impact of such triple interaction on the local atmospheric circulation Kitada et al. [19] indicated that urbanization has nominal effect on the diurnal airflow if urbanization is built up 100-200 km away from mountains. In contrast, a shift of the highest temperature zone from the center of the city to inland suburbs is evident in the case of extensive urbanized coastal areas. The development of Taipei City was started since 1960s, and with time it has become one of the largest trade centers in Eastern and Southeast Asia. Due to such rapid development in the past several decades, Taipei City has been well urbanized. The urban population has increased by a factor of 3.5. The land use for construction has also increased by a factor of three in the last few decades [20] .
The effect of UHI leads to many serious environmental problems, such as regional climate change, air pollution, and visibility deterioration. For example, the diurnal temperature change has been decreasing since the 1970s in Taiwan [21] . The occurrence of fog in hours has decreased significantly over the last 40 years [21] . Temperature has been increasing at a rate of approximately 1.1-1.6 • C/century as recorded at eight lowland meteorology stations in Taiwan since 1900 to 2009. This rate of increase is consistent with the warming conditions of other East Asia countries, but significantly higher than the global rate of 0.74 • C/century [22, 23] . During the last 30 years, the warming rate in Taiwan has almost doubled and reached 0.23-0.40 • C/decade. LULC caused by rapid urbanization has been attributed as one of the leading cause of such increasing trend of warming by researchers [24, 25] .
Taiwan, a mountainous island located at western Pacific coast region, is bisected by the Tropic of Cancer and has 300-km Central Mountain Range (CMR) stretching along north to south with more than 100 peaks above 3,000 m. The hot and humid weather condition provides plentiful lightning strikes over this island during premonsoon and monsoon seasons. Considerable research on thunderstorms and lightning has been conducted over tropical areas and in the United States. Compared to those studies the number of studies relating to Taiwan is limited [5, 26, 27] . The purpose of this study is to investigate the impact of LULC change caused by rapid urbanization on the formation of local lightning during the warm seasons (May-October) from 1998 to 2012 over Taipei, the capital of Taiwan. Possible influence of urban particulate matter on the enhancement of CG lightning activity is another focus of this study. More precisely we have tried to investigate in this study whether the local climate of Taipei is affected by this urbanization through an increase in lightning activity particularly during summer.
Data and Methodology
For the present study, we have collected lightning data from Tai-Power Company of Taiwan for the years 1998-2012 to determine the urban effect on lightning over Taipei and its surrounding places. The Lightning Location System (LLS) was built in 1989 with one APA (Advanced Position Analyzer), and six Direction Finders (DFs) installed at sites covering the entire area of Taiwan. The LLS was upgraded Remote Sens. 2019, 11, 407 3 of 13 to a Total Lightning Detection System (TLDS) in 2002. The TLDS consist of seven lightning detection sensors (SAFIR 3000), which are located at the top of Ying-tsu-ling microwave tower, Wu-shih-pi microwave tower, Ji-shan microwave tower, Nan-Ke extra voltage substation, Feng-lin microwave tower, building roof of Ming-tan power plant, and building roof of Xiao-liou-chiou. The location of these seven sensors, distributed throughout Taiwan, is shown in Figure 1 . The VHF interferometric technique is the main basis for the localization principles of SAFIR network [28, 29] . The seven lightning detection sensors, formed a lightning detection network, could detect cloud-to-ground (CG) lightning discharges, intra cloud (IC) lightning discharges, and breakdown events. The lightning discharges detection is accomplished through the use of multiple, remote sensors that detect signals emitted by lightning discharges, and by filtering out the signals from non-lightning sources. The long rang localization of all lightning discharges (CG and CC lightning flashes) is governed by triangulation performed on GPS time synchronized direction of arrival provided by interferometric sensor of two different detection station in a SAFIR network. Each sensor detecting a lightning event sends data about the event to a central processor (SCM) that triangulates the results from each sensor creating an optimal estimate of location of the lightning event. The lightning detection network average efficiency is greater than 90%, and the lightning detection localization accuracy is less than 1 km. However, especially near the edges of the network the assumption of more than 90% uniform flash detection efficiency may not be realistic, but because of comparatively higher average detection efficiency and localization accuracy no attempt was taken to correct the detection efficiency because previous studies (e.g., [30] for a Lightning Position and Tracking System (LPATS); [31] for the National Lightning Detection Network in the United States; [32] for a LPATS in Germany, and [33] for a LPATS in Brazil) reported an overall detection efficiency of 90% for several lightning detection networks. For the present study we have only considered only CG lightning discharges and have ignored the IC discharges. CG lightning flash density was computed from the aggregated CG lightning flash data for the period 1998-2012.
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Results
Like the other countries, the population of Taiwan has been steadily increasing for decades. The population of New Taipei City and Taipei City, was 2.7 million in 1965 according to Taiwan government's census record while it reached 6.6 million in 2010. The proportion of people who live in the twin cities has almost increased by a factor of 2.5 since 1965. This increasing trend has been shown in Figure 2a . Since the population increase over a particular area generally demands a large change in land use and housing development, we have plotted the land use data of the Taipei City and New Taipei City also in Figure 2b for easy comparison. An increasing trend is clearly evident between population and land use change, which is again in phase to a great extent with that of daily mean surface temperature at Taipei, which has been shown in Figure 2c . This result corroborates well the findings of Pinto et al. [3] who found an increase in the surface temperature well correlated to the increased thunderstorm activity and population growth of the São Paulo and Campinas cities.
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A least squares-fit line for the past four decades indicates an increase of mean surface temperature approximately by 1.6°C. This long-term increasing trend of daily surface temperature, despite a short-term cooling during 1992-97, strongly insists us to conclude that the increasing trend of surface temperature in Taipei City is likely a result of land use change due to urbanization and the effect of global warming. Increased land use in the New Taipei City has been further confirmed by images of inhabited region (cyan color) taken by Landsat-4 on 27th October, 1982 and by Landsat-8 on 29th January, 2014 (Figure 3) . Based on our rough estimate using the satellite images shown in Figure 3 , the built-up areas are 160.2 km 2 and 285 km 2 in 1982 and 2014, respectively. Thus, an expansion of over 78% during the past 32 years is clearly evident. Figure 3 presents the region where the Taipei City is located (represented by the gray area) within its geopolitical limit. Figure 4 presents the CG flash density for the northern Taiwan computed from the aggregated CG lightning flash data for the period 1998-2012. Spatial distribution of lightning flash density shows clearly an enhancement of the CG flash density over Taipei. The increase of the CG lightning activity for Taipei related to their surroundings was about 60-70%. It is worth mentioning in this context that Taipei has grown vertically over the past 15 years through construction of very tall buildings. It is possible that taller buildings shift the CG:IC ratio on a local scale. That is, a taller vertical profile might be responsible for enhanced CG flashes. Thermal band of the Land-Sat 7 satellite is used to generate Figure 5 , which shows the heat island effect. A clear agreement among the three maps is evident, indicating that the CG flashes tend to roughly concentrate over the urbanized area, which also corresponds to the region of highest surface temperature. This result is consistent with the results obtained by Naccarato et al. [30] over large urban areas of Southern Brazil. Furthermore, the CG lightning activity tends to concentrate where the human activities are more intense as is evident from the strong relationship between Figures 3 and 4 . This anthropogenic influence results an increase in both the aerosol emissions due to the traffic and industrial activity and the local temperature due to the manmade structures and the lack of vegetation.
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Figures 3, 4, and 5 compare the CG flash density in the northern Taiwan with the geographic position of Taipei City and its apparent surface temperature. Figure 3 presents the urban area of New Taipei City while the CG flash density and the apparent surface temperature over the same region are displayed in Figures 4 and 5 , respectively. Figure 3 presents the region where the Taipei City is located (represented by the gray area) within its geopolitical limit. Figure 4 presents the CG flash density for the northern Taiwan computed from the aggregated CG lightning flash data for the period 1998-2012. Spatial distribution of lightning flash density shows clearly an enhancement of the CG flash density over Taipei. The increase of the CG lightning activity for Taipei related to their surroundings was about 60-70%. It is worth mentioning in this context that Taipei has grown vertically over the past 15 years through construction of very tall buildings. It is possible that taller buildings shift the CG:IC ratio on a local scale. That is, a taller vertical profile might be responsible for enhanced CG flashes. Thermal band of the Land-Sat 7 satellite is used to generate Figure 5 , which shows the heat island effect. A clear agreement among the three maps is evident, indicating that the CG flashes tend to roughly concentrate over the urbanized area, which also corresponds to the region of highest surface temperature. This result is consistent with the results obtained by Naccarato et al. [30] over large urban areas of Southern Brazil. Furthermore, the CG lightning activity tends to concentrate where the human activities are more intense as is evident from the strong relationship between Figures 3 and 4 . This anthropogenic influence results an increase in both the aerosol emissions due to the traffic and industrial activity and the local temperature due to the manmade structures and the lack of vegetation. The good spatial relationship between the regions of higher number of CG flashes and the higher apparent surface temperature (Figures 4 and 5 ) might corroborate the thermal effect proposed by Williams and Stanfill [34] . Considering islands to discuss the influence of a portion of land on the cloud electrification and lightning they computed a critical area to assess how large an island should be to guarantee continental behavior. Thermal hypothesis indicated that the critical area required was 110 km 2 while that of was about 20,000-30,000 km 2 according to aerosol hypothesis. Moreover, the suppression of coalescence over the continent was discussed by them considering the traditional thermal hypothesis according to which the larger updrafts over land would permit less time for droplets to interact for coalescence, thus preventing the warm rain. They finally concluded that the thermal hypothesis could better explain the appreciable difference in the lightning activity between land and sea than the aerosol theory. In the case of our present study the thermal hypothesis could explain well the enhancement of CG flashes over these warmer regions particularly for the Taipei City, which is similar to islands in sea and where the heat island has area about 1600 km 2 much larger than the critical area. A further support to the thermal hypothesis The good spatial relationship between the regions of higher number of CG flashes and the higher apparent surface temperature (Figures 4 and 5 ) might corroborate the thermal effect proposed by Williams and Stanfill [34] . Considering islands to discuss the influence of a portion of land on the cloud electrification and lightning they computed a critical area to assess how large an island should be to guarantee continental behavior. Thermal hypothesis indicated that the critical area required was 110 km 2 while that of was about 20,000-30,000 km 2 according to aerosol hypothesis. Moreover, the suppression of coalescence over the continent was discussed by them considering the traditional thermal hypothesis according to which the larger updrafts over land would permit less time for droplets to interact for coalescence, thus preventing the warm rain. They finally concluded that the thermal hypothesis could better explain the appreciable difference in the lightning activity between land and sea than the aerosol theory. In the case of our present study the thermal hypothesis could explain well the enhancement of CG flashes over these warmer regions particularly for the Taipei City, which is similar to islands in sea and where the heat island has area about 1600 km 2 much larger than the critical area. A further support to the thermal hypothesis showed that the land-sea breeze
convergence over Houston combined with the UHI might intensify the thunderstorm generation over the city [35] .
The total CG lightning flashes measured during warm seasons for 1998-2012 are presented along with best fit line in Figure 6 . It is seen from Figure 6 that lightning increases systematically during this period. This increasing trend in lightning activity suggests that either cloud top heights or amount of deep clouds during monsoon have increased in last few years. This increasing trend of CG lightning is also in phase with population growth and land use change as shown in Figure 2 during this period.
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Many studies in the recent years have shown that lightning activity in a region can be affected by changes in thermo-dynamical properties as well as increase in aerosol concentration [5, 36, 37] . The annual averages of PM10 and SO 2 concentrations for Taipei City have been considered in relation to the number of CG flashes to ascertain the possible effect of urban particulate matter on CG lightning activity. Figures 7 and 8 show the scatter plots of CG lightning flashes with PM10 and SO 2 concentrations, respectively, along with best fit line. Both the figures exhibit a positive correlation between the two plotted parameters with correlation coefficients 0.63 and 0.71 for the PM10 and SO 2 concentrations, respectively. The correlations in Figures 7 and 8 are statistically significant at the 1% significance level. A slight higher correlation coefficient is found between SO 2 concentrations and CG lightning flashes compared to that of PM10 and CG lightning flashes. Since the sulphate particles are usually more active in the formation of cloud droplets compared to PM10, a slight higher contribution from SO 2 concentration is expected to enhance the CG lightning compared with the PM10 concentration [38] . Our results partially correspond to the results of Soriano et al. [39] , but corroborate well the reports of Westcott [1] . These results indicate a possible influence of aerosol concentrations on the number of CG lightning flashes. The results are consistent with previous studies [40] [41] [42] [43] , suggesting the enhancement of lightning activity in polluted atmospheric conditions when compared to aerosol clear ones. However, the production of CG lightning is enhanced by the increase cloud water in the mixed phase region and is paralleled by an increase in the electrical charge separation [35] . The Taipei City and its suburbs are surrounded by mountains with two major openings through River valleys. During the warm season, the comparatively cold moist air is transported by sea breezes into the Taipei City through these two river valleys. This moist air is then warmed by The Taipei City and its suburbs are surrounded by mountains with two major openings through River valleys. During the warm season, the comparatively cold moist air is transported by sea breezes into the Taipei City through these two river valleys. This moist air is then warmed by The Taipei City and its suburbs are surrounded by mountains with two major openings through River valleys. During the warm season, the comparatively cold moist air is transported by sea breezes into the Taipei City through these two river valleys. This moist air is then warmed by urban heat of Taipei City and converges towards the mountains situated south of the city. Convective overturning of moist air is expected to take place because of the orographic forcing facilitating the process of cumulus convection. Thus a zone of higher lightning frequency over Taipei City and its suburbs is formed which is likely enhanced by the warm moist sea breezes and the urban heat [27] . From our results, it is evident that for Taipei the lightning activity showed a significant increase with respect to their surrounding areas during the period of study with a simultaneously increase of surface temperature well correlated with the population growth of the city in terms of population. The results did not reflect anything expected from natural climate cycles and provide clear observational evidence for the anthropogenic influence related to the urban influence on enhanced lightning activity. It is also evident that during the past four decades the daily mean surface temperature of Taipei City has increased 1.6 • C. Therefore, it is highly expected that this urban environment change must have a significant effect on the increase in CG lightning frequency, as observed in Figure 4 , over Taipei and its suburbs. Moreover, during the past four decades, the population of Taipei and its built-up area, both, have increased by a factor of 2.5 and 1.8, respectively. Most of the LULC change in Taipei and its suburbs is resulted either by building construction or by various urban surface developments. Penetration of sea breezes through two river valleys is expected to be obstructed by the increased surface roughness over the northwest slopes of the mountains south of Taipei City as indicated by Chen et al. [18] , since most of the constructions are concentrated over these regions. This retardation of surface airflow may also lead to an enhancement of low-level convergence over the downwind of major constructed lands and subsequent increase in CG lightning flashes.
Conclusions
It has been found from the present study that over Taipei City the enhancement of CG lightning activity follows closely the increase of the apparent surface temperature, which indicates the heat island, thus corroborate the thermal hypothesis. In addition to population growth and land use increase, increased pollution and anthropogenic aerosols are also good indicators of urbanization of any city. Therefore, an assessment of the possible impact of aerosol microphysical forcing on the formation of urban CG lightning is equally important. Apart from the evidence in support of thermal hypothesis, a positive linear correlation between the number of CG flashes and a higher concentration of both SO 2 and PM10 has also been found, indicating that the aerosol hypothesis is equally important to support the increase of the number of CG flashes. Positive correlations of 0.63 and 0.71 are found for the PM10 and SO 2 concentrations, respectively, when compared separately with the number of CG flashes. This higher positive correlation strongly supports that aerosols play a key role in the enhancement of lightning activity over Taipei City. Williams et al. [44] first proposed that under continental and dirty boundary layer conditions, the available liquid water in the storm updraft is shared amongst an innumerable number of small droplets, thereby suppressing the mean droplet size and thwarting the coalescence process. As a result, the cloud water reaches the mixed phase region to participate in creating excess cloud buoyancy, in precipitation formation, and in electric charge separation and increasing the lightning activity. Therefore, based on possible increases of pollution and aerosols, the contribution of aerosol-microphysical forcing to CG lightning enhancement over Taipei city and its suburbs seems reasonable. It is worth mentioning in this context that both hypotheses act on the same way, probably with combined interaction, at least for the enhancement of CG lightning activity.
It is evident from the perspective of local atmospheric dynamics that the UHI, sea breeze and orographic interaction plays a significant role in the formation of urban CG lightning within the New Taipei City. The spatial variability of CG lightning activity over Taipei is also influenced by the aerosol microphysical forcing. This observation corroborates well the findings of Sequera et al. [45] that combined impact of aerosol and UHI plays crucial role in enhancing the lightning activity over Taipei. It is worth mentioning in this context that the aerosol effects or urban heat island may not only be responsible for the observed trends of lightning over Taipei; the synoptic variability can also affect these trends with equal probability. However, it is a challenging task to quantify the individual contributions of these two physical processes based on present observations because of the complexity of urban modifications of both dynamic and physical processes over this area. Therefore, extensive research is highly needed to fully understand this complex physical mechanism. The present study not only helps to understand the influence of urbanization on the local microclimate system, but also provide valuable environmental information for future urban planning and environmental management.
